An approach to build a chemomechatronic system inspired by self-folding robots is described. This system, which comprises a protein-based hydrogel bound to a low-profile laminate, responds to different aqueous environments by undergoing geometric transformations. This response is dependent on the thickness and stiffness of the templating hydrogel, which directly regulates the diffusion of water into and out of the platform to initiate its reversible shape changes. When modified to include more complex geometries, these controllable shape changes can also be used to selectively trigger multiple folding events, illustrating a new platform for chemically initiated mechatronic devices. Together, these data show how compositionally discrete components are physically, chemically, and mechanically coupled together to generate a new actuator for biohybrid self-folding systems. to overcome the dependency, especially as devices continue to miniaturize and increase in complexity.
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Soft, biomimetic hydrogels are an attractive alternative for actuation that have facile fabrication techniques with increased biocompatibility. [14] Hydrogels can absorb ≈90% of their mass in water, resulting in significant changes to its 3D architecture [15] that can be tuned to respond to a wide range of external stimuli including changes in pH, [16] temperature, [17] and analyte concentration. [18] Hydrogel mechanics can also be modulated via cross-linking, [19] interpenetrating networks, [20] and/or nanoparticle integration, [21] to reduce actuation times (<1 s) [22] while increasing the complexity of achievable shapes upon hydration/dehydration. [23] In this paper, we evaluated a proteinbased hydrogel as the active component in a self-folding composite. We designed a new biohybrid system that incorporated a bilayer material comprising aluminum chemically coupled to the hydrogel. Gelatin was used as a model protein for our system because of its robustness, low cost, and ability to spontaneously form a hydrogel in ambient conditions. [24] We investigated how changes in hydrogel mechanics, thickness, and cross-linking density influenced the kinetics of folding (i.e., actuation) under different aqueous environments.
Actuation was achieved through dehydrating the biohybrid system in polyethylene glycol (PEG) and reversed via hydration in sodium chloride (NaCl). PEG, a commonly used biodegradable and biocompatible polymer, [25] also exhibits deliquescence, a feature that can offer precise control over the steady-state dehydration of the hydrogel to effectively eliminate effects associated with humidity-induced variability. [26] While the use of PEG has been successfully implemented for applications ranging from concentrating collagen molecules in solution, [27] driving optical clearing in skin tissue, [28] and regulating collagen fibril diameter and spacing in the cornea, [29] it has yet to be used to stimulate hydrogel actuation. Thus, we explored whether these properties could be leveraged to selectively remove the water from within a hydrogel without compromising the network. We monitored dimensional changes exhibited by the hydrogels during actuation using bright-field microscopy and analyzed the kinetic behavior of these changes using a modified lumpedcapacitance model. [30] From this model, we quantified the time constants associated with folding and unfolding, as well as identified how the presence of water influenced folding velocity. Our data indicate the utility of biohybrid actuators that control self-folding within aqueous environments supported with new methods to relate the hydration state of the bound hydrogel to the degree of actuation.
Introduction
Self-folding systems offer a robust platform for assembling complex, multicomponent devices across multiple spatial scales [1] ranging from macroscopic robots [2] to microscale surgical tools. [3] The components of a self-folding technology include a rigid substrate, a flexible region that serves as a hinge, and a material responsive to one or multiple forms of stimulation (current, [4] voltage, [5] temperature, [6] light, [7] pressure, [8] or pH [9] ). Self-folding technologies also show great potential for generating reconfigurable biomaterial interfaces which can be useful in delivering cargo [3a,10] or navigating complex geometries [11] in the body; however, these applications introduce new design considerations such as the need for biocompatible materials and compact, long term power sources. A popular material used to overcome the barrier of biocompatibility is polydimethylsiloxane (PDMS), which achieves shape-based changes via pneumatic-based actuators [12] designed to mimic human functions such as muscle contraction. [13] Although PDMS is biocompatible, it relies on pneumatic actuation that translates poorly for long-term in vivo applications due to its dependence on an external power source. Thus, new materials are required
Results and Discussion

Characterization of the Effect of Initial Gelatin Thickness on Actuation
In building a protein-based actuator, we first coated a laminated trilayer system comprising two rigid aluminum layers (thickness of each = 100 µm) and a flexural nylon layer (25 µm thick) with polydopamine (PDA) (Figure 1) . Next, a gelatin-based hydrogel cross-linked with a 4% wt/v microbial transglutaminase (mTG) solution was deposited onto the system creating the biohybrid material. In our platform, PDA was used as a chemical anchor to specifically couple the amine-containing residues of gelatin with the metal substrate similar to previous reports, [31] and mTG was used to enzymatically cross-link gelatin monomers to form the thermostable hydrogel network on the PDA-coated aluminum surface. [32] To test whether this system folded in an aqueous environment, water was selectively removed from the hydrogel using a 25% wt/v PEG solution. This solvent-induced actuation (e.g., folding) occurred over several hours. To rehydrate the hydrogel and unfold the system, the PEG solution was substituted for a 0.1 mol L −1 NaCl solution, and the hydrogel expanded to elongate the structure ( Figure 1a ). This process was reversible over multiple cycles ( Figure S1 , Supporting Information), illustrating its robustness in the different exchangeable solvent conditions.
Folding of the system in these different environments was tracked optically (Figure 1b) , and changes in the internal bending angle as a function of hydrogel thickness were observed over 24 h (Figure 1c) . When the initial thickness of the hydrogel was doubled and tripled, there was a significant decrease in the speed of actuation and magnitude of bending. For instance, the 1.5 mm thick hydrogels reached ≈50% of their total bending magnitude at 154 ± 33 min (final angle achieved at 1444 min, 65° ± 14°) compared to the 3.0 mm hydrogels at 403 ± 58 min (final angle achieved at 1444 min, 72° ± 5°), and 4.5 mm hydrogels at 1058 ± 400 min (angle achieved at 1444 min, 107° ± 14° Figure 1d ). These data suggest that the actuation speed and angle of the system were tunable by varying the initial thickness of the hydrogel.
Characterization of the Effect of Cross-Linking on Actuation
Because covalent cross-links are known to enhance the structural integrity of gelatin, [23,24b] the hydrogel thickness was fixed at 3.0 mm to isolate the effects of increasing cross-linking on actuation behavior, where we assumed that amount of crosslinking agent added to our system correlated with an increase in cross-linking density of the hydrogel network, similar to previous reports. [33] We found that increasing the cross-linking density of mTG from 0% to 4% elongated the actuation profile to yield a slower rate of folding (Figure 2a) . When rehydrating, all systems expanded by ≈90% at 200 min ( Figure 2b) ; however, the addition of the covalent cross-links decreased the magnitude of recovery, with 0% mTG recovering to 179° ± 1°, while 1% and 4% mTG only recovered to 153° ± 6° and 145° ± 12°, respectively ( Figure 2b ). Comparing the final angles achieved in all systems, cross-linking did not have a significant effect on Representative trials (n = 1) of time-dependent internal angle measurements while in NaCl solution with 4% (red), 1% (black), and 0% (green) wt/v mTG. c) The total amount of bending that occurred when the hydrogel system was placed into PEG then NaCl solution and actuates to completion (n = 3; error bars indicate standard deviation).
the total magnitude of folding, but it did significantly reduce the ability to recover when rehydrated (Figure 2c ). Despite these changes, varying the amount of covalent cross-linking did not correlate with the percent recovered, as the 1% and 4% hydrogels were not significantly different.
Model Fitting and Analysis
In the folding profiles reported in Figures 1c and 2a , we observed that the folding behavior of this biohybrid system was not a simple exponential decay. Instead, two inflection points were present, which indicated multiple kinetic steps within our system. To better characterize this behavior, the transition point between these steps was identified as the maximum convexity between the two concave regions of the curve ( Figure S2 , Supporting Information). From this analysis, we interpolated transition points by using a modified lumped-capacitance model, [30] 
where θ(t) is the internal angle (deg) at time t (min), t 1 is the transition point (min), 1 θ ∞ and 2 θ ∞ are the plateau angles of the first and second fits (deg), and a 1 and a 2 are constants. The time constants, τ 1 and τ 2 (min), were extrapolated from each condition, where τ 2 was associated with the approach to the theoretical minimum. When increasing the initial thickness of the hydrogel, the transition point was significantly delayed, resulting in a 175% increase in time between the 1.5 and 4.5 mm thick hydrogels (Figure 3a) . Because the lumped-capacitance model is thickness dependent, [30a] the time constants could not be compared across all thicknesses directly. However, we did note that τ 1 was always smaller than τ 2 across all conditions (Figure 3b ), suggesting a "fast" and "slow" phase of contraction during dehydration in PEG.
When thickness was fixed at 3.0 mm and cross-linking was increased, we also observed an increase in the time to reach the transition points (Figure 3c ). Time constants for the 0%, 1%, and 4% cross-linked samples were similar (τ 1 = 139 ± 51, 166 ± 82, and 186 ± 12 min for 0%, 1%, and 4%, respectively; τ 2 = 193 ± 16 and 195 ± 11 min for 0% and 1%, respectively), with only τ 2 of 4% (321 ± 32 min) being significantly different from the 0% and 1% cross-linked samples (Figure 3d) . The final bending angles of all conditions were similar, averaging 70° ± 13° (Figure 2a) , suggesting that the increase in covalent cross-linking only affected the time it took to achieve the minimum angle during actuation.
Rehydrating the systems occurred much faster than the dehydrating processes and did not exhibit a transition point (Figure 2b) , thus was fit to a single function where θ 0 is the angle (deg) at t = 0, with τ values significantly lower than those derived from the contraction. Rehydration τ values were similar (e.g., 93 ± 11 and 91 ± 8 min, for 0% and 4% mTG, respectively, Figure 3d ), indicating that while the magnitude of recovery differed, the time to recover was the same regardless of cross-linking density.
Characterizing Gel Thickness Changes During Actuation
To better understand why cross-linking affected the kinetics but not the total magnitude of folding, we investigated the dimensional change that the hydrogels exhibited during dehydration in PEG. We hypothesized that the kinetic behavior of contraction was regulated by water diffusion through the hydrogel, where τ 1 was associated with water that could easily be liberated (referred to as polymolecular water), and τ 2 was associated with tightly integrated water (referred to as structural and monomolecular water) within the hydrogel, similar to previous reports. [34] To test this hypothesis in our system, we monitored the change in hydrogel thickness as a function of cross-linking density, which is a known parameter that regulates water diffusion. [35] Starting with an initial thickness of 3.0 mm, we manually tracked the profile of the contracting hydrogels in PEG over time (Figure 4a ) and observed no significant differences in the thicknesses that each system achieved using the different cross-linking densities (Figure 4b, inset) . Each hydrogel ultimately plateaued to a final thickness averaging 1.0 ± 0.3 mm. In our analysis, we also observed no transition point during the contraction; instead, each parameter followed a single decay function with τ values of 111 ± 13, 131 ± 9, and 165 ± 13 min (Figure 4b) . When comparing the relationship between the angles achieved during contraction (plotted in Figure 2 ) with the hydrogel thicknesses reported in Figure 4, thickness did not linearly correlate with the angle achieved. For instance, hydrogel thickness had reduced by 89 ± 2% at the transition point (dashed line, Figure 4b ) in the 1% crosslinked sample, yet only ≈35% of the total angle folding had occurred. Similar contraction proportions were found for the other samples, where the 0% mTG gel had contracted 90 ± 4%, and 4% mTG had contracted 92 ± 1% at the transition point. Thus, our findings suggested that the kinetic forces before and after the transition point may be dependent on different forms of water diffusion within and throughout the hydrogel during actuation. As stated by Kozlov and Burdygina in their 1983 report describing water diffusion through a gelatin hydrogel, ≈10% of the water within a gelatin hydrogel is comprised of monomolecular water, which is tightly bound in the network. [34] If we assume that all contraction of the gelatin hydrogel thickness is caused by water loss from the network, then we can similarly attribute the last 10% of the total contraction profile to the removal of tightly bound water, as Kozlov and Burdygina described. Indeed, we experimentally validate this assumption in Figure 4b , where we observed that the last 10% of contraction happens only after the transition point (dashed line, Figure 4b ).
We also confirmed that this finding was not due to simple solvent diffusion kinetics; when the solution was stirred during actuation, we observed a similar actuating behavior ( Figure S3 , Supporting Information).
These observations were further supported using attenuated total reflectance-infrared (ATR-FTIR) spectroscopy, where we monitored changes in the types of water bound within the hydrogel cross-linked with 4% wt/v mTG ( Figure S4 , Supporting Information). When the gels were freshly made, we observed a broad peak in the 3000-3600 cm −1 range that is typically attributed to an abundance of water within the hydrogel. [36] We also observed smaller peaks associated with gelatin structure and their intermolecular cross-links at 1635, 1560, 1243, and 1455 cm −1 , indicative of amide I, amide II, amide III, and aldimine, respectively. [23a] After dehydration in PEG for 24 h, we observed an increased resolution of peaks ranging from 3200 to 3500 cm −1 , which was reminiscent of peak shifts that were previously identified in collagen-based films exposed to varying relative humidity values. [37] In the collagen films, these peaks were attributed to a combination of tightly bound water (≈3210 cm −1 ), an amide peak (3330 cm −1 ), and a free, or loosely bound, water peak (3440 cm −1 ). In the spectra of our dehydrated gelatin-based hydrogel ( Figure S4 , Supporting Information), we observed what appeared to be two shoulders at ≈3400 and ≈3200 cm −1 on the sides of a peak centered at 3300 cm −1 , which we attributed to the emergence of chemical shifts associated with the loosely bound and tightly bound water, respectively. Even though these changes in the water profile were observed after the dehydration/ hydration cycles, the chemical signature of gelatin (1635, 1560, 1243, and 1455 cm −1 ) persisted, albeit at variable intensities, suggesting that gelatin structure remained intact during these cycles ( Figure S4 , Supporting Information). We attributed the changes in intensity to a higher concentration of gelatin at the surface of the ATR crystal when dehydrated. When taken together, these data suggested an important role for water diffusion in regulating the actuation of these biohybrid platforms.
Selective Self-Folding
While our initial investigation focused on the actuation behavior of a simple, one-hinged system, we were interested in expanding the capabilities of the platform to a more complex scaffold; thus, we scaled the fabrication of our system to create an 8-hinged system (Figure 5a-j) . The transverse arms of the initial planar surface were casted with 1% and 4% cross-linked gelatin, where our goal was to demonstrate that these components could be selectively folded at desired rates ( Figure 5 ). Upon actuation, the system folded from a planar conformation to a cubic orientation over ≈20 h, where the 1% cross-linked arms folded 1.44× faster than the 4% cross-linked arms over time (Figure 5k ). In general, we observed folding rates of these multihinged systems that were ≈13% slower than the singlehinged systems. We believe that this difference was due in part to doubling the total mass of the scaffold to accommodate a more complex geometry, as well as interference between adjacent hinges due to overlap between edge effects in their strain patterns. Finally, and perhaps most importantly, in this demonstration the planar scaffold is folding against gravity; whereas, in the experiments preceding this (Figures 1-4) , the single-hinged scaffold was fixed perpendicular to gravity, effectively reducing the effects associated with the scaffold weight from the system. Regardless of these challenges, we were able to illustrate a complex self-folding network templated by the gelatin-based hydrogel composite.
Conclusion
In this paper, we showed how chemically and mechanically coupling a protein-based hydrogel to a metal scaffold could facilitate self-folding under aqueous conditions. Distinguished from previous reports, our platform can be actuated by selectively removing and reinserting water complexed within a hydrogel during all phases of folding. Even though multiple kinetic events occurred as the scaffold folded during dehydration, a relatively fast unfolding occurred during rehydration, suggesting that the diffusion of water into and out of the scaffold directly regulates is dimensional changes. Furthermore, the ability to selectively control the rate of folding through modulating the cross-linking density permits the design of devices with greater geometric complexity, more sophisticated functionality (e.g., cyclable folding), and embedded electronic features (as demonstrated by Liu et al. [38] )-all are important when considering the design of future implantable devices built to interface with and/or provide mechanical or electrical feedback to cells, tissues, and organs in the body during development, maturation, or regeneration. While our study was specific to gelatin-based hydrogel systems, we believe this platform technology can be translated to any natural or synthetic biopolymer system that is capable of grafting to or from a hinged scaffold while simultaneously and reversibly containing water within a 3D structure. When taken together, our findings offer fresh perspectives for designing new biohybrid, self-folding technologies that could conceivably be miniaturized as future implantable or assistive chemomechatronic devices.
Experimental Section
Metallic Scaffold Assembly and Preparation: The trilayer scaffold was designed with a flexural layer in between two rigid layers. The rigid layers were 100 µm thick aluminum shim, and the flexural layer was 25 µm nylon. GelPak (WF-60-X4-A) with adhesives on both sides was used to attach the aluminum shims to acrylic sheet to create flat cutting surface (Figure 5a) . Aluminum shims were then cut using the fiber laser cutter (Universal Laser System, PLS6MW) with predesigned pattern (with holes for pin alignment and grooves for hinges) (Figure 5b,c) . The cut aluminum shims were then cleaned by sonicating in 70% v/v ethanol (Sigma) for 1 h and dried. A second set of acrylic with GelPak on top (Figure 5d ) was cut using the CO 2 laser cutter (Figure 5e ), with holes for pin alignment during assembly process (Figure 5f ). Nylon film was sandwiched between two cleaned aluminum shims with adhesive, and the three layers were pin-aligned to adhere on the GelPak (Figure 5g) . A release cut was used to cut out the outline (Figure 5h,i) .
After final assembly, the scaffold was sonicated in 70% v/v ethanol and dried. After drying, the scaffold was placed in a 0.25% w/v Tris base (Sigma) for 10 min while stirring. Dopamine HCl (Sigma) was added while stirring to achieve a 0.2% wt/v solution. The scaffold was left in solution for 24 h, removed and sonicated in deionized water for 1 h, then dried under vacuum overnight. This process enabled PDA complexes to form with metallic atoms, as well as spontaneous bonds to form with amine-containing residues of gelatin, [31] ensuring covalent coupling of the protein hydrogel and the scaffold.
Hydrogel Preparation: Gelatin powder (Type A, 300 bloom, Electron Microscopy Sciences) was dissolved in deionized water at 60 °C to achieve 20% wt/v. T1 Transglutaminase Formula (Modernist Pantry) was dissolved in deionized water at 30 °C to achieve a desired % wt/v solution. The two solutions were mixed 1:1 before being applied to the PDA-coated metallic scaffold. The gel was cured for 1 h before any solvent was introduced to a PEG or NaCl solution, which is in agreement with previously published reports illustrating that 1 h is a sufficient curing time for the mTG cross-linked gelatin hydrogels. [39] Imaging and Data Production: The scaffold was imaged using a Nikon SMZ18 stereoscope with an Imaging Source DFK 33UX174 camera. Images were captured using Nikon NIS Elements D Imaging Software. The scaffold demo was imaged using a GoPro Hero5 Session. Images were compiled and analyzed using ImageJ and MATLAB, respectively. Manual measurements of the gelatin hydrogel thickness were recorded using the imaging software ImageJ.
Modeling and Statistical Analysis: A lumped capacitance method [30] was used to model the folding behavior of the system. When dehydrating the gel in PEG, one or more exponential functions were fit to the data and the τ values and the plateau values were compared. The lumped capacitance equation is shown in Equation (1). When hydrating in 0.1 m NaCl, the exponential function was fitted, shown in Equation (2).
Student's one-tail t-test was used to calculate a p value. If p < 0.05, the data were considered to be significantly different (notated by asterisk).
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